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v 1 3.1.2 surface resistdncei R^—the surface resistance be¬ 
tween two electrodes that are on the surface of a specimen is 
the ratio of the direct voltage applied to the electrodes to that 
portion of the current between them which is primarily in a 
thin layer of moisture or other semiconducting material that 
tmy-M fae^ositM^ '• vmw rdix-v:.- -'X! 

3.1.3 surface resistivity, p s —the surface resistivity of a 
material is the" ratio' of the potential Iradieilt parallef to the 
current along its surface to the current per unit width of the 
surfsicei- xit ru ooiu>i.v'ul> ™ 

Discussion—S urface resistivity of a material is numerically equal to 
two‘Ui^d6H^ j^ftixi^ oh^^itd sides of a 
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tween two electrodes that are iu c^ontapt ^yith, ..or^encibe^deji 
in, a specimen, is the ratio of* the direct voltage applie!i to the 
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distributed through the volume of the specimen. 

3.1.5 volume resistivity, p v —the volume resistivity of a 

parallel to the 

, currentinvthe materialTo the current density. 
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2 Annual Book of ASTM Standards , Vols 08.01 and 10.01. 


4.1 The resistance or conductance of a material specimen 
or of a capacitor is determined from a measurement of 
current or of voltage drop under specified conditions. By 
using the appropriate electrode systems, surface and volume 
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resistance or conductance may be measured separately. The 
resistivity or conductivity can then be calculated when the 
required specimen and electrode dimensions are known. 

5. Significance and Use 

5.1 Insulating materials are used to isolate components of 
an electrical system from each other and from ground, as 
well as to provide mechanical support for the components. 
For this purpose, it is generally desirable to have the 
insulation resistance as high as possible, consistent with 
acceptable mechanical, chemical, and heat-resisting proper¬ 
ties. Since insulation resistance or conductance combines 
both volume and surface resistance or conductance, its 
measured value is most useful when the test specimen and 
electrodes have the same form as is required in actual use. 
Surface resistance or conductance changes rapidly with 
humidity, while volume resistance or conductance changes 
slowly although the final change may eventually be greater. 

5.2 Resistivity or conductivity may be used to predict, 
indirectly, the low-frequency dielectric breakdown and dissi¬ 
pation factor properties of some materials. Resistivity or 
conductivity is often used as an indirect measure of moisture 
content, degree of cure, mechanical continuity, and deterio¬ 
ration of various types. The usefulness of these indirect 
measurements is dependent on the degree of correlation 
established by supporting theoretical or experimental inves¬ 
tigations. A decrease of surface resistance may result either in 
an increase of the dielectric breakdown voltage because the 
electric field intensity is reduced, or a decrease of the 
dielectric breakdown voltage because the area under stress is 
increased. 

5.3 All the dielectric resistances or conductances depend 
on the length of time of electrification and on the value of 
applied voltage (in addition to the usual environmental 
variables). These must be known to make the measured 
value of resistance or conductance meaningful. 

5.4 Volume resistivity or conductivity can be used as an 
aid in designing an insulator for a specific application. The 
change of resistivity or conductivity with temperature and 
humidity may be great (1, 2, 3, 4), 5 and must be known 
when designing for operating conditions. Volume resistivity 
or conductivity determinations are often used in checking 
the uniformity of an insulating material, either with regard to 
processing or to detect conductive impurities that affect the 
quality of the material and that may not be readily detectable 
by other methods. 

5.5 Volume resistivities above 10 21 12-cm (10 19 C2*m), 
obtained on specimens under usual laboratory conditions, 
are of doubtful validity, considering the limitations of 
commonly used measuring equipment. 

5.6 Surface resistance or conductance cannot be measured 
accurately, only approximated, because some degree of 
volume resistance or conductance is always involved in the 
measurement. The measured value is also affected by the 
surface contamination. Surface contamination, and its rate 
of accumulation, is affected by many factors including 
electrostatic charging and interfacial tension. These, in turn, 


5 The boldface numbers in parentheses refer to the list of references appended 
to these test methods. 



FIG. 1 Binding-Post Electrodes for Flat, Solid Specimens 

may affect the surface resistivity. Surface resistivity or 
conductivity can be considered to be related to material 
properties when contamination is involved but is not a 
material property in the usual sense. 

6. Electrode Systems 

6.1 The electrodes for insulating materials should be of a 
material that is readily applied, allows intimate contact with 
the specimen surface, and introduces no appreciable error 
because of electrode resistance or contamination of the 
specimen (5). The electrode material should be corrosion- 
resistant under the conditions of test. For tests of fabricated 
specimens such as feed-through bushings, cables, etc., the 
electrodes employed are a part of the specimen or its 
mounting. Measurements of insulation resistance or conduc¬ 
tance, then, include the contaminating effects of electrode or 
mounting materials and are generally related to the perform¬ 
ance of the specimen in actual use. 

6.1.1 Binding-Post and Taper-Pin Electrodes, Figs. 1 and 
2, provide a means of applying voltage to rigid insulating 
materials to permit an evaluation of their resistive or 
conductive properties. These electrodes simulate to some 
degree the actual conditions of use, such as binding posts on 
instrument panels and terminal strips. In the case of lami¬ 
nated insulating materials having high-resin-content sur¬ 
faces, somewhat lower insulation resistance values may be 
obtained with taper-pin than with binding posts, due to more 
intimate contact with the body of the insulating material. 
Resistance or conductance values obtained are highly influ¬ 
enced by the individual contact between each pin and the 
dielectric material, the surface roughness of the pins, and the 
smoothness of the hole in the dielectric material. Reproduc¬ 
ibility of results on different specimens is difficult to obtain. 

6.1.2 Metal Bars in the arrangement of Fig. 3 were 
primarily devised to evaluate the insulation resistance or 
conductance of flexible tapes and thin, solid specimens as a 
fairly simple and convenient means of electrical quality 
control. This arrangement is somewhat more satisfactory for 
obtaining approximate values of surface resistance or con¬ 
ductance when the width of the insulating material is much 
greater than its thickness. 

6.1.3 Silver Paint, Figs. 4, 5, and 6, is available commer¬ 
cially with a high conductivity, either air-drying or low- 
temperature-baking varieties, which are sufficiently porous 
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FIG. 2 Taper^Pin Electrodes 

to permit diffusion of moisture through them and thereby 
allow the test specimen to bd conditioned after the applica¬ 
tion of the electrodes. This is a particularly useful feature in 
studying resistance-humidity effects, as well as' change with 
temperature. However, before conductive paihi is used as an 
electrode material, it should He established that the solvent in 
the paint does not attack the ntaterial sb as to change its 
electrical properties, 1 Reasonably smooth edges of guard 
electrodes may be obtained with a fine-bristle brush: How¬ 
ever, for circular electrodes, sharper edges can be obtained by 
the use of a ruling compass and silver paint for drawing the 
outline circles of the electrodes and filling iri the enclosed 
areas by brush. A narrow strip of masking tape, may be used,* 
provided the pressure-sensitive adhesive used docs not con¬ 
taminate the surface of the specimen. Qamp-on masks also 
may be used if the electrode paint is sprayed on. 

.6.1,4 Sprayed Metal,. Figs. 4, 5, and 6, may be used if 
satisfactory adhesion to the test specimen pan be obtained. 
Thin sprayed electrodes may have certain, advantages in that 
they are ready for use as soon as applied. They may b.e 
sufficiently porous to allow the specimen to be conditioned, 
but this should be verified. Narrow strips of masking tape or « 
clamp-on masks must be used to produce a gap between the 
guarded and the guard electrodes-. The tape Shall be such as 
not to contaminate the gap surface. A-h ajj . f 

6.1.5 Evapofated Metal-may be used under the same 

conditions given in 6.l;4. ' , . r- . , 

6.1.6 Metal Foil, Fig. 4j may be applied to .specimen 







FIG. 3 Strip Electrodes for Tapes, and Flat, Solid Specimens 

surfaces as electrode’s. The usual thickness of metal foil used 
for resistance or conductance studies of dielectrics ranges 
from 6 to 80 jam. Lead or tin foil is in most common use, 
and is usiially attached to the test specimen by a minimum 
quantity of petrolatum,' silicone’grease, oil, of other suitable 
material, as an adhesive. Such electrodes shall be applied 
under a smoothing pressure sufficient to eliminate all Wrin¬ 
kles, and to work excess adheSiVetoward the edge of ‘tHe fdil 



: FIG. 4 Flat Specimen for Measuring Vqlupie apd Surface 
Resistances or Conductances r 
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D o = ( D i + d 2)/2 L> 4tg^2t Volume Resistivity g ^ 2t Surface Resistivity 

FIG. 5 Tubular Specimen for Measuring Volume and Surface 
Resistances or Conductances 

where it can be wiped off with a cleansing tissue. One very 
effective method is to use a hard narrow roller (10 to 15 mm 
wide), and to roll outward on the surface until no visible 
imprint can be made on the foil with the roller. This 
technique can be used satisfactorily only on specimens that 
have very flat surfaces. With care, the adhesive film can be 
reduced to 2.5 jam. As this film is in series with the specimen, 
it will always cause the measured resistance to be too high. 


This error may become excessive for the lower-resistivit} 
specimens of thickness less than 250 jam. Also the hard roller 
can force sharp particles into or through thin films (50 jam). 
Foil electrodes are not porous and will not allow the test 
specimen to condition after the electrodes have been applied. 
The adhesive may lose its effectiveness at elevated tempera¬ 
tures necessitating the use of flat metal back-up plates under 
pressure. It is possible, with the aid of a suitable cutting 
device, to cut a proper width strip from one electrode to form 
a guarded and guard electrode. Such a three-terminal spec¬ 
imen normally cannot be used for surface resistance or 
conductance measurements because of the grease remaining 
on the gap surface. It may be very difficult to clean the entire 
gap surface without disturbing the adjacent edges of the 
electrode. 

6.1.7 Colloidal Graphite , Fig. 4, dispersed in water or 
other suitable vehicle, may be brushed on nonporous, sheet 
insulating materials to form an air-drying electrode. Masking 
tapes or clamp-on masks may be used (6.1.4). This electrode 
material is recommended only if all of the following condi¬ 
tions are met: 

6.1.7.1 The material to be tested must accept a graphite 
coating that will not flake before testing, 

6.1.7.2 The material being tested must not absorb water 
readily, and 

6.1.7.3 Conditioning must be in a dry atmosphere (Pro¬ 
cedure B, Methods D 618), and measurements made in this 
same atmosphere. 

6.1.8 Mercury or other liquid metal electrodes give satis¬ 
factory results. Mercury is not recommended for continuous 
use or at elevated temperatures due to toxic effects. (Cau¬ 
tion—see Note 1.) The metal forming the upper electrodes 
should be confined by stainless steel rings, each of which 
should have its lower rim reduced to a sharp edge by beveling 
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FIG. 7 A Mercury Electrodes for Flat, Solid Specimens 
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on the side away from the liquid; metal. Figs. 7A and ■ 7B 
show two electrode arrangements. . 

' • ,< • *.f -f 7 . , f ; ,« ■ <.■;: V ,■ ■■ ' - 1 1 ' ■■ ‘ < *., . v. ~ ..' V; " . ■) 

Note 1: Caution—Mercury metal vapor, poisoning fias long been 
recognized as ^ hazard in industry. The maximum exposure limits are 
set by the American Conference of Governmental Industrial 
HygieriistSi 6, The concentration oT-m'e/dury va{5or over spills ftdrrl 
broken thermometers, barometers, ori other instruments' using mercury 
can easily exceed these exposure* limits. Mercury;, being a liquid and 
quite heavy, will disintegrate into small droplets and seep into cracks 
and crevices in the floor. The use of a commercially available emergency 
spill kit is recommended whenever a spill occurs. The increased area of 
exposure adds significantly to the mercury vapor? concentration in air. 
Mercury vapor concentration is easily .monitored using commercially 
available sniffers. Spot checks should be made: periodically around 
operations where mercury is exposed to the atmosphere. Thorough 
checks should be made after spills. 

6.1.9 Flat Metal Plates, Fig. 4\ (preferably guarded) may 
be used for testing flexible and compressible materials, both 
at room temperature and at elevated temperatures. They 
may be circular or rectangular (for tapes). To ensure intimate 
contact with the specimen, considerable pressure is usually 
required. Pressures of 140 to 700 kPa have been found 
satisfactory (see material specifications). 

6.1.10 Conducting Rubber has been used as electrode 
material, as in Fig. 4, and has the advantage that it can 
quickly and easily be applied and removed from the spec¬ 
imen. As the electrodes are applied only during the time of 
measurement, they do not interfere with the conditioning of 
the specimen. The conductive-rubber ^material must be. 
backed by proper plates and be soft enough so that effective! 
contact with the specimen is obtained when a reasonable' 
pressure is applied. 


6 American Conference of Governmental and Industrial Hygienists, P.O. 1937, 
Cincinnati, OH, 45201. 



; FIG. 7B Mercury Cell forThin Sheet Material 
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NOte 2^Theit is hvMehde'Uhat values bfl } c6hdbctivity obtaifed; 
using conductive-rubber electrodes are always,smaller (20 to* 70 .%) than; 
values obtained- withjtinfoil electrodes (6); only, orderroffmag- 

nitude,accuracies are required, and.these cqptact ^rrgrs .can be. neglected, ; 
a properly Resigned set of cpnducfiv^ruhper electrodes can v prpvide. af 
rapid inearth fef making conductivity and fesi4ivity ; ddtermiWidns. 
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6.1.11 Water is widely employed as one electrode in 
testing insulation on wires and cables. Both ends of the 
specimen must be out of the water and of such length that 
leakage along the insulation is negligible. Guard rings may be 
necessary at each end. It may be desirable to add a small 
amount of sodium chloride to the water to ensure high 
conductivity. Measurements may be performed at tempera¬ 
tures up to about 100°C. 

7. Choice of Apparatus and Test Method 

, 74 Power Supply—k source of very steady direct voltage 
is required (see XI.7.3). Batteries or other stable direct 
voltage supplies may be used. 

v 1.2 Guard Circuit —Whether measuring resistance of an 
insulating material with two electrodes (no guard) or with a 
three-terminal system (two electrodes plus guard), consider 
how the electrical connections are made between the test 
, instrument and the Test sample. If the test specimen is at 
some distance from (he test instrument, or the test specimen 
is tested under humid conditions, or if a relatively high (10 10 
i to 10 1 ; 5 ; ohms) specimen resistance is expected, spurious 
1 resistance |aths can easily exist between the test instrument 
qnd test specimen. -A guard circuit is necessary to minimize 
interference from thbse spurious paths. (See also Appendix 
X1.9) 

7.2. i With Guard Electrode —Use coaxial cable, with the 
.■ core lead to the guarded electrode and the shield to the guard 
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TABLE 1 Apparatus and Conditions for Use 


Method 


Reference 

Maximum Ohms 
Detectable 
at 500 V 

Maximum Ohms 
Measurable to 
±6 % at 500 V 

Type of 
Measurement 

Ohms Shunted by 
Insulation Resistance 
from Guard to 
Guarded 
Electrode 

Section 

Figure 

Voltmeter-ammeter (galvanometer) 

X3.1 

XI 

10 12 

10 11 

deflection 

10 to 10® 

Comparison (galvanometer) 

X3.4 

X3 

10 12 

10 11 

deflection 

10 to 10® 

Voltmeter-ammeter (d-c amplifica¬ 

X3.2 

X2(a) 

10 15 

10 13 

deflection 

10 2 to 10® 

tion, electrometer) 


(Position 1 ) 







X2(a) 

10 15 

10 13 

deflection 

10 2 to 10 3 



(Position 2) 

10 17 

10 15 

deflection 

10 3 to 10 11 



X2 (b) 

10 17 

10 15 

null 

0 (effective) 



X2 (b) 





Comparison (Wheatstone bridge) 

X3.5 

X4 

10 15 

10 14 

null 

10® to 10® 

Voltage rate-of-change 

X3.3 

X5 

-100 Mft-F 


deflection 

unguarded 

Megohmmeter (typical) 

commercial instruments 

10 15 

10 14 

direct-reading 

10 4 to 10 10 


electrode, to make adequate guarded connections between 
the test equipment and test specimen. Coaxial cable (again 
with the shield tied back to the guard) for the unguarded lead 
is not mandatory here (or in 7.2.2), although its use provides 
some reduction in background noise. (See also Fig. 8) 

7.2.2 Without Guard Electrode —Use coaxial cable, with 
the core lead to one electrode and the shield terminated 
about 1 cm from the end of the core lead. (See also Fig. 9) 

7.3 Direct Measurements —The current through a spec¬ 
imen at a fixed voltage may be measured using any equip¬ 
ment that has the required sensitivity and accuracy (±10 % is 
usually adequate). Current-measuring devices available in¬ 
clude electrometers, d-c amplifiers with indicating meters, 
and galvanometers. Typical methods and circuits are given 



GUARDED ELECTRODES 
(CONCENTRIC CIRCLE) 


REQUIRED 
COAXIAL LEAD 


in Appendix X3. When the measuring device scale is 
calibrated to read ohms directly no calculations are required, 

7.4 Comparison Methods —A Wheatstone-bridge circuit 
may be used to compare the resistance of the specimen with 
that of a standard resistor (see Appendix X3), 

7.5 Precision and Bias Considerations: 

7.5.1 General —As a guide in the choice of apparatus, the 
pertinent considerations are summarized in Table 1, but it is 
not implied that the examples enumerated are the only ones 
applicable. This table is not intended to indicate the limits of 
sensitivity and error of the various methods per se, but rather 
is intended to indicate limits that are distinctly possible with 
modern apparatus. In any case, such limits can be achieved 
or exceeded only through careful selection and combination 
of the apparatus employed. It must be emphasized, however, 
that the errors considered are those of instrumentation only. 
Errors such as those discussed in Appendix XI are an 
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UNGUARDED ELECTRODES 
(SURFACE) 


REQUIRED 
COAXIAL LEAD 


OPTIONAL 
COAXIAL LEAD 
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FIG. 8 Connections to Guarded Electrode for Volume and 
Surface Resistivity Measurements (Volume Resistance hook-up 
shown) 
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FIG. 9 Connections to Unguarded Electrodes for Unguarded 
Surface Measurements 
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entirely different matter. In this latter connection* 4he last 
colum^ Qf T^hle 1 lists the resistance that is shunted by the 
insulation resistance between ,-the guarded electtode and the 
guard system for the various methods. general, the ldw^r 
such resistance, the less probability of error from undue 
shunting., .... 

NoxJB . i 3j-nl^o matter what measurement method is employed, the 
highest precisions are achieved' only with careful evaluation of all 
source^ of qrrqp It is possible either fp s set up any ofthese methods from 
the component parts, or to acquire a completely integrated apparatus. In 
general* the ^methods using high-sensitivity galvanometers require a 
more permanent installation than those using indicating meters or 
recorders. The methods using indicating devices such as voltmeters, 
galvanometer^ d-c amplifiers, ahd Electrometers .require the minimum 
of manual adjustment and' ate edsy th read but the operator is required 
to make the reading at a particular time. The Wheatstone bridge (Fig. 


setting ht a padicUlaf time to'tfe^ read at leisure. 

: %" ■ iC ua o >i V * . ■■■..*v-*. : ?v \ 

t * 7.p2Mgapuret$e$ts:. . , mri ■, {J -t. 3 .,.. M 

7.5.2.1 (Ircihc^om^er-Vol^ rriiaxinjum. per¬ 

centage error in the measurement .of resistance Vby ( ^ the 
galvanometer-vpltmeter method is fne sum of t(te percentage 
errors of galyanpmeterindicatio^ 

aud voltmeter indication. As an examplq; a galvanometer 
hdvmg a! sensitivity of 500 pA/scale division will be deflected 
25 division^ with 500 V applied to a; resistance of 40 Gti 
(bohducfancb of 25 p$). If the deflection daft be’read to the 
nearest *0.3' division, and the calibration^ error (including 
Ayrton Shurif forror) Is ±2 % off he obseryed vdlue, the 
fesUlfatft galvafttimeter errof will fidt exceed^* ±4 %. If the’ 
vbltrnetbr ftasaif ^6f16f ^2 % ? of Tull Scaie, this resiStatide' 
caih^be toeasurhd with & J ripxifouriT drierof ±6 % When the 
voltirieter feads-full iscalef ? and410#vrtfeh it reads one third 
full scale. The desirability of readings near full scale are 
readily apparent. . . # 

1.5.22 Volimeier-Ammeter^ThG .maximum percentage 
error in the computcd value is the "sum of the percentage 
errors in the voltages, V x and V s , and, the resistance, R s . The 
errors in V s and R s are generally dependent more on the 
characteristics of the apparatus used than on the particular 
method. The hidst .significant factors that determine the 
errors in V s are indicator errors, amplifier zero drift, and 
amplifier gain stability. With modern, well-designed ampli¬ 
fiers ;oij electrometers, gain stability is usually not a matter bf 
concern. With existing techniques* the zero drift of direct' 
voltage| amplifiers or elec^rqmeters cannot be eliminated but' 
it cap be made slow enough to be relatively insignificant for 
these measurements. The zero drift is virtually nonexistent; 
for carefully designed converter-type amplifiers. Conse-i 
queritly, the null method of Fig. X1.2(^) isrthebretically less: 
subject to error than those methodsieinployihgi an indicating; 
instrument, provided, however, that the potentiometer 
voltage is accurately known. The error m~R s is to some! 
extent dependent on the amplifier sensitivity. For measure¬ 
ment of a given current, the higher the amplifier sensitivity,- 
the greater likelihood that lower valued* highly precise 
wire-Wound standard' resistors can; be‘ used: Such amplifiers 
can be obtained. . Standardresistances of 100 (312 known to 
±2 %, are available. If 10-mV input to the amplifier or 
electrometer : ; with an error not 

greater than 2 % of fulfscale, with 500 ¥ applied, a resistance 


of 5000 TO can be measured with a maximum error of 6 % 
when the voltmeter reads full scale, and 10 % when it reads 
Vs scale. 

7.52.3 Comparison-Galvanometer —The maximum per¬ 
centage eriof in the computed resistance or conductance is 
given by the sum of The percentage errors m R*, the 
' r galvanometer deflections or amplifier readings* and the 
assumption that the current sensitivities are iftdepehdeht of 
n; the deflection^ he latter assumption is correct" to well 
or within ±2% over the useful range (above Vio full-scale 
deflection) of a good, modern galvanometer (probably Vs 
scale deflection for a d-c current amplifier). The error in R s 
vdepends on the type of resistor used, but resistances of \ Mt2 
■ with a limit of error as low as 0.1 % are available. With a 
galvanometer or d-c current amplifier having a sensitivity of 
10 nA for full-scale deflection, 500 V applied to a resistance 
of TO will produce! a s 1 ^ deflection. At this voltage, with 
thc';abpve noted standard resistor, dhd with 7^ f= 10 5 , d s 
would be about half of full-scale deflection*With a readability 
error hot more; th^tt; ^ d x is approximately l A of 
full-scale deflection, the readability eribr Wbuld not exceed 
dl4 '%, and a resistance of thb brdef bf 200 GiT could be 
measured with & maximum eribr of ±5 % 

(7.52.4 foliage 'Rate+of-Chhnge—The accuracy of the 
measurement is directly‘prdportional to the accuracy of the 
measurement of applied voltage and time rate of change bf 
the electrometer reading. The length of time that the elec¬ 
trometer switch is open and the scale used should be such 
that the time can be measured accurately and a full-scale 
reading obtained. Under these, conditions, the accuracy Will 
be comparable with that of the other methods of measuring 
current. 

7,52.5 Comparison Bridge—-When the detector has ade¬ 
quate sensitivity, the maximum percentage error in the 
computer resistance is the sum of the percentage errors in the 
arms, A, B, and2V*. With a detector sensitivity of 1 mV/scale 
division, §00 V applied to the bridge, and R N = T GO, a 
resistance of 1000 TO will produce a detector deflection of 
one scale division. Assuming Negligible errors in R A and R Bi 
with Rfr N 1 GO knoWfl to' within ±2 % and with the bridge 
balanced to one detector-scale division, a resistance of 100 
TO can be measured with a maximum error of ±6 %. 

* * 

8. Sampling 


pling 


9. 


9. 


Refer to applicat)lp, M^teri^ls Specifications for sam- 
instructions. ' •* ‘ ' ! *** 


Test Specimens 

Insulation Resistance or CondUfitdMS Determinatio/i: 

9.1.1 The measurement is of- greatest Value when the 
specimen has the form, electrodes, and mounting required in 

actual.use. Bushings,, cables,? and-capacitors are typical 

examples for which the test electrodes are a part of the 
specimen and its normal mounting means. 

9.1.2 For solid materials, the test specimen may be of any 
practical form. The specimen forms most commpnly used 
are flat plates, tapes, rods,, and tubes. The electrode arrange¬ 
ments of Fig. 2 may be used for flat plates, rods, or rigid 
tube%jfho?f,finner diapieter is about,-20 mm ,or more, The 
electrode arrangement. .of 'Fig. 3 may be used for strips of 
sheet material or for flexible! tape. For rigid strip specimens 
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the metal support may not be required. The electrode 
arrangements of Fig. 6 may be used for flat plates, rods, or 
tubes. Comparison of materials when using different elec¬ 
trode arrangements is frequently inconclusive and should be 
avoided. 

9.2 Volume Resistance or Conductance Determination: 

9.2.1 The test specimen may have any practical form that 
allows the use of a third electrode, when necessary, to guard 
against error from surface effects. Test specimens may be in 
the form of flat plates, tapes, or tubes. Figs. 4 and 7 illustrate 
the application and arrangement of electrodes for plate or 
sheet specimens. Fig. 5 is a diametral cross section of three 
electrodes applied to a tubular specimen, in which electrode 
No. 1 is the guarded electrode, electrode No. 2 is a guard 
electrode consisting of a ring at each end of electrode No. 1, 
and electrode No. 3 is the unguarded electrode (7, 8). For 
materials that have negligible surface leakage, the guard rings 
may be omitted. Convenient and generally suitable dimen¬ 
sions applicable to Fig. 4 in the case of test specimens that 
are 3 mm in thickness are as follows: D 3 = 100 mm, D 2 = 88 
mm, and D x = 76 mm, or alternatively, D 3 = 50 mm, D 2 = 
38 mm, and D x = 25 mm. For a given sensitivity, the larger 
specimen allows more accurate measurements on materials 
of higher resistivity., 

9.2.2 Measure the average thickness of the specimens in 
accordance with one of the methods in Test Methods D 374 
pertaining to the material being tested. The actual points of 
measurement shall be uniformly distributed over the area to 
be covered by the measuring electrodes. 

9.2.3 It is not necessary that the electrodes have the cir¬ 
cular symmetry shown in Fig. 4 although this is generally 
convenient. The guarded electrode (No. 1) may be circular, 
square, or rectangular, allowing ready computation of the 
guarded electrode area for volume resistivity or conductivity 
determination when such is desired. The diameter of a circu¬ 
lar electrode, the side of a square, or the shortest side of a rec¬ 
tangular electrode, should be at least four times the specimen 
thickness. The gap width should be great enough so that the 
surface leakage between electrodes No. 1 and No. 2 does not 
cause an error in the measurement (this is particularly im¬ 
portant for high-input-impedance instruments, such as elec¬ 
trometers). If the gap is made equal to twice the specimen 
thickness, as suggested in 9.3.3, so that the specimen can be 
used also for surface resistance or conductance determina¬ 
tions, the effective area of electrode No. 1 can be taken, usu¬ 
ally with sufficient accuracy, as extending to the center of the 
gap. If, under special conditions, it becomes desirable to de¬ 
termine a more accurate value for the effective area of elec¬ 
trode No. 1, the correction for the gap width can be obtained 
from Appendix X2. Electrode No. 3 may have any shape 
provided that it extends at all points beyond the inner edge of 
electrode No. 2 by at least twice the specimen thickness. 

9.2.4 For tubular specimens, electrode No. 1 should 
encircle the outside of the specimen and its axial length 
should be at least four times the specimen wall thickness. 
Considerations regarding the gap width are the same as those 
given in 9.2.3. Electrode No. 2 consists of an encircling 
electrode at each end of the tube, the two parts being 
electrically connected by external means. The axial length of 
each of these parts should be at least twice the wall thickness 
of the specimen. Electrode No. 3 must cover the inside 


surface of the specimen for an axial length extending beyond 
the outside gap edges by at least twice the wall thickness. The 
tubular specimen (Fig. 5) may take the form of an insulated 
wire or cable. If the length of electrode is more than 100 
times the thickness of the insulation, the effects of the ends of 
the guarded electrode become negligible, and careful spacing 
of the guard electrodes is not required. Thus, the gap 
between electrodes No. 1 and No. 2 may be several 
centimetres to permit sufficient surface resistance between 
these electrodes when water is used as electrode No. 1. In this 
case, no correction is made for the gap width. 

9.3 Surface Resistance or Conductance Determination: 

9.3.1 The test specimen may be of any practical form 
consistent with the particular objective, such as flat plates, 
tapes, or tubes. 

9.3.2 The arrangements of Figs. 2 and 3 were devised for 
those cases where the volume resistance is known to be high 
relative to that of the surface (2). However, the combination 
of molded and machined surfaces makes the result obtained 
generally inconclusive for rigid strip specimens. The arrange¬ 
ment of Fig. 2 is somewhat more satisfactory when applied to 
specimens for which the width is much greater than the 
thickness, the cut edge effect thus tending to become 
relatively small. Hence, this arrangement is more suitable for 
testing thin specimens such as tape, than for testing relatively 
thicker specimens. The arrangements of Figs. 2 and 3 should 
never be used for resistance or conductance determinations 
without due considerations of the limitations noted above. 

9.3.3 The three electrode arrangements of Figs. 4, 6 and 7 
may be used for purposes of material comparison. The 
resistance or conductance of the surface gap between elec¬ 
trodes No. 1 and No. 2 is determined directly by using 
electrode No. 1 as the guarded electrode, electrode No. 3 as 
the guard electrode, and electrode No. 2 as the unguarded 
electrode (7, 8). The resistance or conductance so deter¬ 
mined is actually the resultant of the surface resistance or 
conductance between electrodes No. 1 and No. 2 in parallel 
with some volume resistance or conductance between the 
same two electrodes. For this arrangement the surface gap 
width, g, should be approximately twice the specimen 
thickness, t , except for thin specimens, where g may be much 
greater than twice the material thickness. 

9.3.4 Special techniques and electrode dimensions may be 
required for very thin specimens having such a low volume 
resistivity that the resultant low resistance between the 
guarded electrode and the guard system would cause exces¬ 
sive error. 

9.4 Liquid Insulation Resistance —The sampling of liquid 
insulating materials, the test cells employed, and the 
methods of cleaning the cells shall be in accordance with Test 
Method D 1169. 

10. Specimen Mounting 

10,1 In mounting the specimens for measurements, it is 
important that there shall be no conductive paths between 
the electrodes or between the measuring electrodes and 
ground that will have a significant effect on the reading of the 
measuring instrument (9). Insulating surfaces should not be 
handled with bare fingers (acetate rayon gloves are recom¬ 
mended). For referee tests of volume resistivity or conduc¬ 
tivity, the surfaces should be cleaned with a suitable solvent 
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TABLE 2 > Cajculatiqn of Resistivity or Conductivity y 


i ype of Electrodes or Specimen " ' 


*r?. v ?jO'Volume Reslstivifyrt 2 -cm ; [ 


Volume 'Conductivity; S/cm ' ? ‘ 


: 'i v.;s ft * r \;. 

‘- /!';*;/ '/h'■■<{) > ; . ; -M. Vi [p 

- ->-• ‘ ' b ' ’ A d - ; .- : 

-•i- ■ ,.?! • Pv T t 

iru.ir'io.. "/.-I* 

c - i . - ‘JC< K 

, i h - , ■ 

y|; 

• ;<,r , 0 ';' ' • .1 fj‘ 

• t b 

Circular (Fig’ 4) ' *" * • 

"’iV'," 


* MD, +Q? 

- 

• •, u' , .- . -■ 

. • '‘.r ; {• . 

Rectangular 4 * ' '* 

Square - ... - - 

Tubes (Fig, 5),- ^ ; ?^. , ? 

Cables — 

i ‘ 1 ^ • s w 

’ ’ : • r 'l «. 

' . : • ’ ‘ • HO' ■ • ! 

; •' ‘ »!■ ' b Av 

. \<» .-H’v v-'u A u 

‘ f F t ■ o lO * ’ 

.. r ,• . *. o 

a ; . <. J 

A ^ (a + g) (b + g) '■ 
A = {a &gf 

A -, irD 0 {L + g) ;f ? ; 

* y{„, •- f,;, . 

: *::■ •• ■.•or: : 

' ” iS w ] - 

’J 1 '• i ! ^ ! 

■ - - i n 2 s'; 
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; "y'.-n 

i . , . - C',’ 
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Circular (Fig. 4) 

Rectangular ,i , i; 

Square,. 

Tubes (Figs. 5 and 6) 

*• Hr, Surface Resistivity!, d (per square) 

Ps ~ ~ R s 

9 - r ,j i 

w c i .; ’r . b.. * '"i. .<• 1 Kyi 

f <>; * .* ‘ .s * 
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Nom$n<cJature; , , v ,. . , t 4 , .... ^ 

A ' «’ the'effective area of the measuring electrdde foPthe particular arrangement employed; : 
P ^ the effective 5 ' p'aHmetet :of thd guarded eledtrode-fdr the particular arrangement employed; 

> b=. measured voluirie^esietairlce:In ohms,};/rw- iT;;,,: ; ; r ur-t , 

G v ? =,, measured volume conductance in ,siemen$, 

R s = measured surface resistance in ohms, 

G s « mea^fed Curtabe ConductanceIn'siemens, j t ' ' 

t h i ^ avbragerthickness of the specimen; ;• *■* •.. . • • . . : 7; 

D 0 ^D V D&.g, Ljf .dimensipne,indicated ip Figs. 4 and 6 (see Appendix X2 .for,correction to g) } 
a, b, = lengthsof the sides of rectangyiar electrodes, and , 

ih = Viaturdlogarithm. 1 ■’ • - i -j ' v - > . 

^ All dimensions are in 


,0 Ij if* s-.ir-- ■ 


JD.> 


O'vion 


i'j 




- if. n V; ; V*:j»‘»0$'0 ..fif iHH r '. J- .V 

before conditioning^ When surface resistance is to be mea¬ 
sured,. ( the surfaces should be cleaned or not cleaned as, 
specified or agreed upon! , , ..; f ; / , . ,(>> > 


11. Conditioning \ !!T -,, r . ?v a ; - : ,i 

11.1 The specimens shall be conditioned in accordance 

with Methods D 618. on< ■•.. u.i-yi ^1: 1, 

• 4 : 1.2 CirCulating-ait 1 environmental chambers or the 
methods " described 4h • Practice.. fs 104 may be used for- 
controlling-the Relative humidity.’ • f! . ■■ -m.r 

••• .i,': ' .{J* •» • ■ '/V.: '‘.'ll- . .<■ . .5. • 

12. ”-Procedure T "'' ,i '--' • -;‘- 

12.1 Insulation■ . Resistance [dr‘ (ioniiucthnce —Properly 

mount the specimen in the tesf chamber, if the test chamber 
arid the conditioning chamber are the same (recommei|cled 
procedure^, the specimens' should he inouptedbeforethe 
conditioning is started. Make the measurement with' a 
suitable device havingjthe required, sensitivity, and accuracy 
(see Appendix X3). Unless otherwise specified,^ tim^ of 
electrification' shall be '60 s,and the apphed direct ybitage 
shall be 506 d: 5 Vi ; ' ^ ^ 

12.2 Volume Resistivity or Conductivity—Measure the' 
dimensions of the electrodes and width of guard gap, g. 
Make the measurement with a suitable devicte having the 
required -Sensitivity and accuracy. UnleSs otherwise specified, 
the timeiof electrification shall be 60,s, and the applied direct! 
voltage shall be 500 ± 5 V. m: i-.-, * ro ybc ..ool > :.dj 

42.3 :SurfaceResistandetOnConductance.- i S‘i -raovy 

12.3.1 Measure the;electrode: dimensions-and the: distance - 


between the electrodes, g. Measurc the surface resistance oi" 
conductance between electrodes No. 1 and 2 with a isuitable 
device having the required sensitivity■ and accuracy.. Unless' 


otherwise specified, the time of electrificatioh shall be 60,s, 
and the applied direct voltage shall be SOO'+i ^'V. 

12.3.2 \Vhen the electrode afrarigetpent* of fiig.' 1 2 is used, 
P is. taken as the perimeter'.6f the Cross Section of the 
spcCiixiehl fef thin specimen’s, suhH’as ; tkpes; this perirfietef 
effectively reduces to twice fhe’speciitien width! . ’''' 

4 2.3,3 1 When thb electrode aftahgerhen^s 'of Fig. 1 ’6 are used, 

thy m4UCe n feris^ee),'Pls!^! tb he the lefigth of thy 
electrodes of eitcumfefe'nce of the" eylih5der;"; ■*’ 

13. Calculation 

> ' u.Mi' ’-Yx . ■■■ i s . yo-' ( 

1,3.1 Calculate,Ifie. jjolutpe, resisfivity, p v , and the. volume 
conduct!vjty r 'y v) .using the,equations in 4able,.2. , , ■ 

.13,2 Cyfculate, the : sqrface resistivity, _p, f! and the surface 
conductivity,./y^, jUsing the equations,in Table 2^,.. , 

’< . .}‘.ryv .. il •■).> ■: m.-Uu >«' 'ii,k <l,n 

l-4i iRcPPrf< ’y‘; %.»<Td -Ini >.ff« 700, 7 

I4d !| Report the following information: ‘ - - raor 

>'14vl'.<l-. Ai description! and i identification of - the material 
(name, grade/eolorp manufacturer, etc.), ' ■ ! ; - 

’' ! tl4 i 1.2*Shape i aM4imensibnsIofthe!test.specimettj ■ 

14.4'3i Type.andidimenrions of electrodes! ■> : ' ' 

h'14!f ,4 Conditioning of theispeoimen (cleaning,, predrying, 
hburs at humidity and temperature, etc.)i>;;.uuij ohi >1;,.. ■ 
14,1.5 Test conditions (specimen itemperature,- ‘relative 
humidity, etc., atitime of»imeasqreinent)p ! =>.ot ,nohi. c > 
Vi'14vl:.6r Method of measurement (see Appendix.’X3)j ■ . i' 
14.1.7. Applied voltage, ;!; :-•>? % boo 
' 14ili8»iTime of electrification-of measurement, /. owl;; 

14.1.9 Measured values of the appropriate .pesistanbes ! in- , 
ohms or conductancesin Siemens; o'. , ...wbn" ’,<;•> 'So 
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14.1.10 Computed values when required, of volume resis¬ 
tivity in ohm-centimetres, volume conductivity in siemens 
per centimetre, surface resistivity in ohms (per square), or 
surface conductivity in siemens (per square), and 

14.1.11 Statement as to whether the reported values are 
“apparent” or “steady-state.” 


15. Precision and Bias 

15.1 Precision and bias are inherently affected by the 
choice of method, apparatus, and specimen. For analysis and 
details see Sections 7 and 9, and particularly 7,5.1 through 
7.5.2.5. 
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APPENDIXES 

(Nonmandatory Information) 

XI. FACTORS AFFECTING INSULATION RESISTANCE OR CONDUCTANCE MEASUREMENTS 


XI. 1 Inherent Variation in Materials —Because of the 
variability of the resistance of a given specimen under similar 
test conditions and the nonuniformity of the same material 
from specimen to specimen/determinations are usually not 
reproducible to closer than 10 % and often are even more 
widely divergent (a range of values of 10 to 1 may be 
obtained under apparently identical conditions). 

XI.2 Temperature —The resistance of electrical insulating 
materials is known to change with temperature, and the 
variation often can be represented by a function of the form: 

(W). 

, r = Be, m/T (XI) 

where: 

R = resistance (or resistivity) of an insulating material or 
system, 


B = proportionality constant, 

m = activation constant, and 

T = absolute temperature in kelvin (K). 

This equation is a simplified form of the Arrhenius equation 
relating the activation energy of a chemical reaction to the 
absolute temperature; and the Boltzmann principle, a gen¬ 
eral law dealing with the statistical distribution of energy 
among large numbers of minute particles subject to thermal 
agitation. The activation constant, m, has a value that is 
characteristic of a particular energy absorption process. 
Several such processes may exist within the material, each 
with a different effective temperature range, so that several 
values of m would be needed to fully characterize the 
material. These values of m can be determined experimen¬ 
tally by plotting the natural logarithm of resistance against 
the reciprocal of the absolute temperature. The desired 
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values of m are obtained from such a plot by measuring the 
slopes of the straight-line sections of the plot. This derives 
from .Eq (1); 'for it folloW that fey taking the natural 
logarithm of both sides:’ : j ^ 


The change in resistance (or resistivity) corresponding to a 
change in absolute temperature from T x to T 2 , based on Eq 
1 , and expressed in logarithmic form, is: 



These equations are valid oyer a temperature range only if, 
the material does not undergo a transition within this 
temperature range. Extrapolations are seldom safe since, 
transitions are' seldom?obvious or predictable. As a corollary, 
deviation of a plot of the logarithm of R against 1 JT from a 
straight/ line j is evidence /that a 'transition is occurring. 
Furthermore, in making comparisons between materials, it is 
essential that measurements fee made over the entire range of 
interest for all ^materials. 

Note XI —Thq resistance pf an electrical insulating material may be 
affected by the tittle, of. temperature e^posyrE Therefore, equivalent 
temperature conditioning periods are essential for comparative measure¬ 
ments. ... r , / 7 / ^ ', ’ / . 

. Note X2—If the insulating material, shows signs of deterioration 
after conditioning at elevated temperatures, this information must be 
included with the test data.. /, 7. V 

XI.3 Temperature and Hurftidity-^-The insulation resist¬ 
ance of solid dielectric materials decreases both with in¬ 
creasing temperature as /described in Xl/,2 and with in¬ 
creasing humidity ( 1 , ’ 2 ,. .3, 4). Volume resistance is 
particularly sensitive to temperature changes, while surface 
resistance changes widely and very rapidly with humidity ) 
changes (2p3). In both cases the cfeangfe is exponential. For 
some materials k change fronr 25 to 10O O C may change 
insulation resistance or conductance by a factor of 100 000, 
often due to the combined effects of temperature and 
moisture content change; the effect of temperature change 
alone is usually much smaller. A change from 25 to 90 f/g , 
relative humidity may change insulation resistance or con¬ 
ductance by as much as a factor of 1 000 000 or mqr^ 
Insulation resistance or conductance is a function offeoth me 
volume apd . surface resistance .or^ T C|Qnduptance of the spqc-^ 
imen, and Surface resistance changes almost instantaneously 
with change of relative humidity. It is, therefore, absolutely 
essential to maintain both temperature, and relative humidity*, 
within close limits during the conditioning period, and to 
make the insulation resistance ,017 conductance measure¬ 
ments in tffe specified conditioning, enyifonment^ Another 
point not to be overlooked < is s that? at relative humidities 
above ; 90 % 5 surface condensation may result from inad¬ 
vertent fluctuations in humidity, or temperature produced by v 
the conditioning system. This problem can fee avoided by the 
usg of ? equiyalentn absolute-humidity at a slightly ; higher 
temperature* as equilibrium moisture content remains nearly; 
the same for a small temperatqre change. In determining the*, 
effect of humidity on volume resistance or conductance,, / 
extended, periods. of conditioning are required, since the > 
absorption of \yater intoThe body, { of the dielectric is a 
relatively slow process (10). Some (specimens^require months 


to come to equilibrium. When such long-periods of condi¬ 
tioning are prohibitive, use of thinner specimens or compar¬ 
ative: measurements near equilibrium, may be reasonable 
alternatives, but the details must .be included in the test 
report.,; . t : 7 » ' i 

XI.4 Time of Electrification —Measurement of a dielec¬ 
tric material is not fundamentally different from that of a 
conductor except that an additional parameter, time of 
' electrification, (and in some cases the voltage gradient) is 
involved. The relationship between the applied voltage and 
the current is involved in both cases. For dielectric materials, 
the standard resistance placed in series with the unknown 
resistance must have a relatively low value, so that Essentially 
full Voltage will be applied aerdss the unknown resistance. 
When a potential difference is applied to a specimen; the 
current through it generally decreases asymptotically toward 
a limiting Value which may be'less than 0.01 of the Current 
observed at the end of 1 mill (9,11). This decrease of current 
with time is due to dielectric absorption (interfacial polariza¬ 
tion, volume charge, etc.) and the sweep of mobile ions to the 
electrodes, in general, the relation , of current and time is of 
the form I(t) f= At~% after the ipifeal chargeis completed and 
until the true /leakage current becomes a aignificant factor 
(12, 13). In this relation A is. a constant, numerically the 
current at unit time, and m usually, but not always, has a 
value between 0 and 1. - Depending /upon the characteristics 
of the specimen material, the time required for 'the current to 
decrease to within 1 % of this minimum value may be from 
a few seconds to many hours. Thus, iri order to ensure that 
measurements on a given material will be comparable, it is 
necessary to specify the time of electrification. The conven¬ 
tional arbitrary time of electrification has bbeti 1 min. For 
some materials, misleading conclusions may be drawn from 
thb test results Obtained at this arbitrary time. A resistance¬ 
time, or conductance-time curve should, fee obtained under 
the conditions of test for a, given,, material as a basis for 
selection of a suitable time of electrification, which must be 
specified in the test method for that material, or such curves 
should be used for comparative purposes. Occasionally, a 
material will be found for which the current increases with 
time. In this case either the time curves must be used or a 
special study undertaken, and arbitrary decisions made as to 
tlie time of electrification. 

X 1.5 Magnitude of Voltage: , ... t ( 

' ! “ Xi.5/l Both volume and surface resistance ! or conduc¬ 
tance qf a. s specimen may \fee yoltage-sensitiye (4). In that 
c^se, it is, necessary that tfee same voltage gradient be used if 
measurements on similar .specimens are: to be comparable. 
Also, the applied vqltage should, be within at least 5 % of the; 
s^gfte<jf ^dtage. ^is|is t n separate requirement frpm that 
given in XI.7.3* which discusses voltage regulation and 
stability where appreciable specimen capacitance is involved. 

X1.5,2, ( pqmmoniy-.specified/test voltages, to be applied to 
the complete specimen are 100, 250, 5,00, lQ0p, ; 2500, 50Q0, 
10 OQOand 15, QQ0 V. Of these,, the most frequently used are 
100 and 500 V. The higher voltages are used either to study 
the voltage-resistance or voltage-conductance characteristics 
of materials (to make tests at or hear the operating voltage 
gradients), or to increase the sensitivity of measurement; m 
/ XI .5.3 Specimen,resistance Or conductance of some ma- * 
terials may, depending upon the moisture content* be 
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affected by the polarity of the applied voltage. This effect, 
caused by electrolysis or ionic migration, or both, particu¬ 
larly in the presence of nonuniform fields, may be particu¬ 
larly noticeable in insulation configurations such as those 
found in cables where the test-voltage gradient is greater at 
the inner conductor than at the outer surface. Where 
electrolysis or ionic migration does exist in specimens, the 
electrical resistance will be lower when the smaller test 
electrode is made negative with respect to the larger. In such 
cases, the polarity of the applied voltage shall be specified 
according to the requirements of the specimen under test. 

X1.6 Contour of Specimen: 

X1.6.1 The measured value of the insulation resistance or 
conductance of a specimen results from the composite effect 
of its volume and surface resistances or conductances. Since 
the relative values of the components vary from material to 
material, comparison of different materials by the use of the 
electrode systems of Figs. 1, 2, and 3 is generally inconclu¬ 
sive. There is no assurance that, if material A has a higher 
insulation resistance than material B as measured by the use 
of one of these electrode systems, it will also have a higher 
resistance than B in the application for which it is intended. 

XI.6.2 It is possible to devise specimen and electrode 
configurations suitable for the separate evaluation of the 
volume resistance or conductance and the approximate 
surface resistance or conductance of the same specimen. In 
general, this requires at least three electrodes so arranged that 
one may select electrode pairs for which the resistance or 
conductance measured is primarily that of either a volume 
current path or a surface current path, not both (7). 

XI.7 Deficiencies in the Measuring Circuit: 

XI.7.1 The insulation resistance of many solid dielectric 
specimens is extremely high at standard laboratory condi¬ 
tions, approaching or exceeding the maximum measurable 
limits given in Table 1. Unless extreme care is taken with the 
insulation of the measuring circuit, the values obtained are 
more a measure of apparatus limitations than of the material 
itself. Thus errors in the measurement of the specimen may 
arise from undue shunting of the specimen, reference resis¬ 
tors, or the current-measuring device, by leakage resistances 
or conductances of unknown, and possibly variable, magni¬ 
tude. 

XI.7.2 Electrolytic, contact, or thermal emf’s may exist 
in the measuring circuit itself; or spurious emf s may be 
caused by leakage from external sources. Thermal emf’s are 
normally insignificant except in the low resistance circuit of 
a galvanometer and shunt. When thermal emf’s are present, 
random drifts in the galvanometer zero occur. Slow drifts 
due to air currents may be troublesome. Electrolytic emf’s 
are usually associated with moist specimens and dissimilar 
metals, but emf’s of 20 mV or more can be obtained in the 
guard circuit of a high-resistance detector when pieces of the 
same metal are in contact with moist specimens. If a voltage 
is applied between the guard and the guarded electrodes a 
polarization emf may remain after the voltage is removed. 
True contact emf’s can be detected only with an electrom¬ 
eter and are not a source of error. The term “spurious emf” 
is sometimes applied to electrolytic emf’s. To ensure the 
absence of spurious emf’s of whatever origin, the deflection 
of the detecting device should be observed before the 
application of voltage to the specimen and after the voltage 


has been removed. If the two deflections are the same, or 
nearly the same, a correction can be made to the measured 
resistance or conductance, provided the correction is small. 
If the deflections differ widely, or approach the deflection of 
the measurement, it will be necessary to find and eliminate 
the source of the spurious emf (5). Capacitance changes in 
the connecting shielded cables can cause serious difficulties. 

XI.7.3 Where appreciable specimen capacitance is in¬ 
volved, both the regulation and transient stability of the 
applied voltage should be such that resistance or conduc¬ 
tance measurements can be made to prescribed accuracy. 
Short-time transients, as well as relatively long-time drifts in 
the applied voltage may cause spurious capacitive charge and 
discharge currents which can significantly affect the accuracy 
of measurement. In the case of current-measuring methods 
particularly, this can be a serious problem. The current in the 
measuring instrument due to a voltage transient is I 0 = 
C x dV/dt. The amplitude and rate of pointer excursions 
depend upon the following factors: 

XI.7.3.1 The capacitance of the specimen, 

XI.7.3.2 The magnitude of the current being measured, 
XI.7.3.3 The magnitude and duration of the incoming 
voltage transient, and its rate of change, 

XI.7.3.4 The ability of the stabilizing circuit used to 
provide a constant voltage with incoming transients of 
various characteristics, and 

XI.7.3.5 The time-constant of the complete test circuit as 
compared to the period and damping of the current¬ 
measuring instrument. 

XI.7.4 Changes of range of a current-measuring instru¬ 
ment may introduce a current transient. When R m <R x and 
C m < C x , the equation of this transient is 

1 = ( V 0 /RJII - G~ t / R,,,Cx ] (X4) 

where: 

V Q = applied voltage, 

R x = apparent resistance of the specimen, 

R m = effective input resistance of the measuring instru¬ 
ment, 

C x = capacitance of the specimen at 1000 Hz, 

C m = input capacitance of the measuring instrument, and 
t = time after R m is switched into the circuit. 

For not more than 5 % error due to this transient, 

R m C x ^t/ 3 (X5) 

Microammeters employing feedback are usually free of this 
source of error as the actual input resistance is divided, effec¬ 
tively, by the amount of feedback, usually at least by 1000. 

XI.8 Residual Charge—In XI.4 it was pointed out that 
the current continues for a long time after the application of 
a potential difference to the electrodes. Conversely, current 
will continue for a long time after the electrodes of a charged 
specimen are connected together. It should be established 
that the test specimen is completely discharged before 
attempting the first measurement, a repeat measurement, a 
measurement of volume resistance following a measurement 
of surface resistance, or a measurement with reversed voltage 
(9). The time of discharge before making a measurement 
should be at least four times any previous charging time. The 
specimen electrodes should be connected together until the 
measurement is to be made to prevent any build-up of 
charge from the surroundings. 
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X\.9 .Guarding: ’• > . ..".V ‘•/>- ■- 

X1 ,9,1: Guarding depends on interposing, in all 'critical 
insulated paths, guard conductors which intercept all stray 
currents that might Otherwise cause erir&^I ' The f guard 
conductors are connected together, coristiiuting the guard 
system and forming, v^ith the measuring terminals, a three- 
terminal network. When suitable connections are made, 
stray t currents from spurious external voltages are, shunted 
awayiSroni the measWng circuit by tl^‘guan|^t 9 ^ t . , ,,,• 

X1,9,2 Proper use of the. guard system for the ipethods 
involving current measurement is illustrated ip ; Figs. X f. 1 tp 
X1.3, inclusive,. yyhcre the guard system is shown connected 
to the junction of the voltage source and current-measuring 
instrument or^standard resistor. In Fig. Xt .4 for the Wheat- 
stone-bridge method, the guard system is shown connected) 
to the junction of the two lower-valued-resistance amis. In 
all cases, to be effective, guarding niust be cohiplete, and 
must include any controls Operated by the observer in 
making the measurement. The guard systeth is generally 
maintained at a potehiiaf close to that of the guarded 
terminal, but msulated from it) ! This is because, among other, 
things, the resistance of many insulating materials is voltage- 
dependent. Otherwise, the direct, resistances or conductances 
of a three-terminal network are independent of the electrode 
potentials. It is. upuLal to ground the guard system and hence 
one side of the voltage sourpe and current-measuring device. 
This places both terminals of the specimen above ground., 
Sometimes, one terminal of the specimen is permanently 
grounded. The current-measuring device usually is; then 
connected to this terminal, requiring that the voltage source 
be well insulated from ground, ; i \ , 

XI.9.3 Errors in current measurements may result from 
the fact that the current-measuring device is shunted by the 
resistance or conductance between the guarded terminal and 
the guard system. This resistance should be at least 10 to 100 , 
times the input resistance of the current measuring device. In 
some bridge techniques, the; guard and measuring terminals 


are brought to/heariy the same potentials, but a standard 
resistor in the bridge is shunted between the unguarded 
terminal and the guard sy&teM. M Tft& feristai^ahould be at 
least 1000 ; titties that of the reference resistor. 4 . . v 



(q) Normal Use of Amplifier and Indicating Meter 



(b) Amplifier and Indicating Meter as NulTDefecjor 

FIG, X1.2 Voltmeter-Ammeter Method Using D-G Amplification 




FIG. XI. 1 Voltmeter-Ammeter Method Using a Galvanometer j 

r o X2. EFFECTIVE AREA O 

X2.1 (7<?«cra/—Caloulationof volume resistivity from the 
measured volume resistance involves the quantity A f the 
effective area of the guarded electrode. Depending on'the 
material properties and; the electrode configuration, A differs 
from the actual area of the guarded electrode for either, or 
both, of the following reasons. 1 ! .11 

X2.1.1 Fringing of the lines of current in the region of the 



electrode edges may effectively increase the electrode dimen¬ 
sions. '• " ■ ■' |,; ■' : - i ’ 

X2.1.2 If plane electrodes are not parallel, Or if 'tubular 
electrodes are hot coaxial, the current density in thfe spec¬ 
imen will not be uniform, and an error may result! This error 
is usually small and may be ignored.‘ v ‘ ' :!i > - 

X2.2 ’Fringing: : >'' ,v i” 
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X2.2.1 If the specimen material is homogeneous and 
isotropic, fringing effectively extends the guarded electrode 
edge by an amount (14, 19): 

te/2) - <5 (X6) 

where: 

* = /{(2/tt) In cosh [(t T/4)(g/t)]}, 

and g and t are the dimensions indicated in Figs. 4 and 6. 
The correction may also be written 

g[\ - (28/g)\ = Bg (X7) 

where B is the fraction of the gap width to be added to the 
diameter of circular electrodes or to the dimensions of 
rectangular or cylindrical electrodes. 

X2.2.2 Laminated materials, however, are somewhat 
anisotropic after volume absorption of moisture. Volume 
resistivity parallel to the laminations is then lower than that 
in the perpendicular direction, and the fringing effect is 
increased. With such moist laminates, 6 approaches zero, 
and the guarded electrode effectively extends to the center of 
the gap between guarded and unguarded electrodes (14). 
X2.2.3 The fraction of the gap width g to be added to the 


diameter of circular electrodes or to the electrode dimensions 
of rectangular or cylindrical electrodes, B , as determined by 
above equation for 8 , is as follows: 


S/t 

B 

s/t 

B 

0.1 

0.96 

1.0 

0.64 

0.2 

0.92 

1.2 

0.59 

0.3 

0.88 

1.5 

0.51 

0.4 

0.85 

2.0 

0.41 

0.5 

0.81 

2.5 

0.34 

0.6 

0.77 

3.0 

0.29 

0.8 

0.71 




Note X3—The symbol “In” designates logarithm to the base e = 
2.718. ... When g is approximately equal to 2/, S is determined with 
sufficient approximation by the equation: 

S = 0.586/ 

Note X4—For tests on thin films when t « g, or when a guard 
electrode is not used and one electrode extends beyond the other by a 
distance which is large compared with /, 0.883/ should be added to the 
diameter of circular electrodes or to the dimensions of rectangular 
electrodes. 

Note X5—During the transition between complete dryness and 
subsequent relatively uniform volume distribution of moisture, a 
laminate is neither homogeneous nor isotropic. Volume resistivity is of 
questionable significance during this transition and accurate equations, 
are neither possible nor justified, calculations within an order of 
magnitude being more than sufficient. 


X3. TYPICAL MEASUREMENT METHODS 


X3.1 Voltmeter-Ammeter Method Using a Galvanometer: 

X3.1.1 A d-c voltmeter and a galvanometer with a suit¬ 
able shunt are connected to the voltage source and to the test 
specimen as shown in Fig. XI. The applied voltage is mea¬ 
sured by a d-c voltmeter, having a range and accuracy that 
will give minimum error in voltage indication. In no case 
shall a voltmeter be used that has an error greater than ±2 % 
of full scale, nor a range such that the deflection is less than 
one third of full scale (for a pivot-type instrument). The cur¬ 
rent is measured by a galvanometer having a high current 
sensitivity (a scale length of 0.5 m is assumed, as shorter scale 
lengths will lead to proportionately higher errors) and pro¬ 
vided with a precision Ayrton universal shunt for so adjust¬ 
ing its deflection that the readability error does not, in gen¬ 
eral, exceed ±2 % of the observed value. The galvanometer 
should be calibrated to within ±2 %. Current can be read 
directly if the galvanometer is provided with an additional 
suitable fixed shunt. 

X3.1.2 The unknown resistance, R x . , or conductance, G x , 
is calculated as follows: 

**= 1/C* = VJI X - VJKdF (X8) 

where: 

K = galvanometer sensitivity, in amperes per scale division, 
d = deflection in scale divisions, 

F .= ratio of the total current, I x , to the galvanometer 
current, and 
V x .= applied voltage. 

X3.2 Voltmeter-Ammeter Method Using D-C Amplifica¬ 
tion or Electrometer: 

X3.2.1 The voltmeter-ammeter method can be extended 
to measure higher resistances by using d-c amplification or 
an electrometer to increase the sensitivity of the current 
measuring device (6, 15,16), Generally, but not necessarily, 


this is achieved only with some sacrifice in precision, 
depending on the apparatus used. The d-c voltmeter and the 
d-c amplifier or electrometer are connected to the voltage 
source and the specimen as illustrated in Fig, XI.2. The 
applied voltage is measured by a d-c voltmeter having the 
same characteristics as prescribed in X3.1.1. The current is 
measured in terms of the voltage drop across a standard 
resistance, R s . 

X3.2.2 In the circuit shown in Fig. X2 (a) the specimen 
current, l x , produces across the standard resistance, R sy a 
voltage drop which is amplified by the d-c amplifier, and 
read on an indicating meter or galvanometer. The net gain of 
the amplifier usually is stabilized by means of a feedback 
resistance, R fi from the output of the amplifier. The indi¬ 
cating meter can be calibrated to read directly in terms of the 
feedback voltage, which is determined from the known 
value of the resistance of R fi and the feedback current passing 
through it. When the amplifier has sufficient intrinsic gain, 
the feedback voltage, V s , differs from the voltage, IJ( si by a 
negligible amount. As shown in Fig. XI. 2(a) the return lead 
from the voltage source, V X) can be connected to either end 
of the feedback resistor, R f . With the connection made to the 



FIG. X3.1 Voltage Rate-of-Change Method 
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junction of, R s and ^(switch^in dott position!), >the entire 
resistance of is ^plaQ^d in theLmeasuring Gircuithand any 
alternating voltage appearing abross the, ; spetimen ^resistance 
is amplified onlyas much as the direct voltage 4/4 across 
R s . \yith the connection made to the other end of jfy (switch 
position 2), the apparent resistance placed in the measuring 
circuit is R s times the ratio of the degenerated gain to the 
intrinsic gain of the amplifier; any alternating voltage ap¬ 
pearing across the specimen resistance is then amplified by 
the intrinsic amplifier gain. c { 

X^2i3^fn the circuit shown in FigJXte2(&), the specimen 
ciifterit; produces a Vdltdgd- : -drbi5 Across thd # ' stand&Vd 
resistance, R s which may ? dr' may hot be bhlanced 'out by 
adjustment of an opposing'Voltage, V s , from a calibrated 
potentiometer. If no opposing voltage is used; the voltage 
drob^droSS 4; is amplified by the 

dte hn^fief or eleVtromet^ and; : tead oh in itidicatihg 
meter of galvanometer. This produces a voltage drop 
tween the measuring electrode .and, the guard electrode which 
may cause an error; in the current t measurement unless the 
resistance' between^the; measuring electrode • arid* the guard 
electrode is M lbast 10 tb 100 tihie$;thiit of JR^ ilf an dppO&ing 
vblfage, V% ii^'b^edf tMb ; 

only as a very sensitive, high-resistance null detector. The 
return lead from the voltage source, V x , is connected as 
shown, to include the potentiometer in the measuring: 
circuit. When connections are made in this manner, no 
resistance, is .placed ip the, measuring circuit at balance and 
thus, no y9ltage r d r 9P appears between, tlje measuring elec-. 
trode ( and the.guardeleQtrode* HoyvgY® steeply increasing 
fraction * s qf ^ is .ipoluded^pi the as,The, 

ppjentiometefismoved qffbda^ voltage 

appearing across ,the speeimcn ;resistance iS: amplified byjhb 
netlarnplifier, gain.,The amplifier .may tie s either*a direct 
voltage amplifier or an alternating voltage amplifier provided 
v^ith inputalternating vqlt- 
ages ,acro§s the specim^n|pften are sufficiently, troublesome. 
that a preceding^^ 

require^^^ of fjEi^fflter should be atteast 

10Q. f times greater than Jhe; effect) resistance th^t is placed in 
^p/wsasurement cheui^by resistance R SUfo y' . .. , ■ 

X4.2,4 J The * resistance ri ^ ? or ; the i i cpndp 9 tance ? •(?*,, is, 
C^fpU^liteclLraSj•; , r .-j \ : .y, Hu'r - « 


i- <R X VJI X - (Hc/ W^ ‘ it* (X9) 

where: a - :.nti dr^si u 

t ' x v 4 appliedVolfage, s.-jhto h ,^hOv ^ -m 
/y L = spebinieh current, ,:/v Jih * Vl / A "f 

= ^tahdafd resistance, Uhd 4 ■:? cm 

V s "*=&' Vbltage dfbp^^^fosS -i^/ indicated by the amplifier* 
output meter, the electrometer or the calibrated poten¬ 
tiometer. 


X3.3 Voltage Rate-of-Change Method: 

X3.3.1 If the specimen capacitance is relatively large, or 
capacitors arp; to be measured^ the apparent resistant, R x , can 
be determined from the charging voltage, F 0 , the specimen 
capacitance value, Qj (capacitance pf C x at 1000 Hz), and 
the rate-of-change of voltage, AVjAt, using the circuit of Fig. 
X3.1 (17). To make a measurement the specimen is charged 
by closing S 2 , with the electrometer shorting switch S x 
closed. Whqnr^iris,subsequently opened, the:voltage across 
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the specimen will fall because the "leakage and absorption 
currents must then be supplied by the capacitance rather 
than by V 0 . The drop in voltage across the specimen will be 
shown by the electrometer. If a recorder is connected to the 
Output of the electrometer, the rate of change of voltage, 
dV/dt, can be read from the recorder trace at any desired 
time after S 2 is closed, (60 > s dually specified). Alternatively, 
the voltage, AF, appearing on the electrometer in a time, At, 
dan tie used. 5 !3ince this gives ah average of the rate-of-change 
of voltage during A t, theTihteWi^Hbitld becfehferedat the 
specified electrification timp (time since closing S 2 ). 

,X3.3,2 If the input resistance of the electrometer i§ greatpr 
than the apparent specimen resistance and the input capaci¬ 
tance 1 WOM or less tif that bf the specimeii, the appteili: 
resistance at the time at vdiiM d F/d/ dr' A V/At is determined 
isF ?v; ' yy w m yyvr^.l ^ YA 

r ■ ", R x ±%/i x =.V^/dMn o^V 0 At/c 0 ^v m : (Xid) 

L , : v ; .5 r: ■ ctM 'f- : .. : ; r’ 

depending on whether q^ not a recorder 4 s ^^psed.A^hen the 
electrometer input resistance pr capacitance pannat be ig- 
nored f pr when ( V m is 'mpreThan a small fraction of F Q the 
complete equation should be us^, 

- 1 4 ^AVqM x + ^/!UV^/(C 0 + cjdVy./dt i (XI1) 
where: 

, ;!i r Co Y , if capacitance of C x at 1000 Hz, 
l R m ' = input resistance of the electrometer, 

C m = input capacitance of the electrometer, 

Vp abplted voltage, ktid 1 '' i! ' r •' 

V m == eleeifoiiieter readirig =' Voltage decrease oh C x . 

^ X3.4* f d6rnpaHsM : : M : et)ipd UMg;fr Galvanometer or D-C 

X3.4.T s A l ^tahdaid ‘ resistande, R^, and a galvahonieter or 
d-c‘ amplifier afe eonhected to the voltage source' and to the 
test speeihfiete as shown in 1 Fig: 1 X3. The galvahbhieter and its 
associated Ayrton shunf is the same as described in Xl llri 
Ah amplifief of equivaleht direct burient sensitivify with ah 
appropriate indicator may be USed iri : place of the galvanom¬ 
eter :Tt fs convenient, but hbf necessary, ahd hot desirable‘if 
batteries' are Used as the voltage source (unless a high-input 
resistance r voltnieter & used),' td connect a voltmeter across 
the source for a continuous check of its voltage! The switch is 
provided for shotting •the uhknd^n resistance ih the process 
of me^uremeht. Sometimes prbvisidn y iS‘ made td 1 Shtiri: : 
e'ftlier f the : unkribvvh 6h sthhdafd ‘teslstahee 1 but; hbi ? both at 
the same time. t ; ‘ r| - 

j X3:4^^h^herdl, it is preferable tb Idiye the standard 
resistance in the circuit at all times to prevent dafttege4d the 
oUitent measuring dhstrumeht in casd of specimen failure. 
With the shunt set to the least sensitive position and with,the 
switch,openy the voltage is applied. The Ayrton shunt is them 
adjusted to give as near maximurn scale reading as possible^ 
At the end of the electrification time the deflection, 1 d x) and 
the shunt ratio, F x , are noted. The shunt is then set; to the 
least sensitive position and the switch isiclosed toi shprt-the 
unknown resistanpev Again the shunt is adjusted to give as 
near maximum scale reading as possible and the' galvanom- 
eteF ori meter deflection^ ^ and. shunt ratio, 4, are 
noted.- It is assumed that the current sensitivities' of the ■ 
galvanometer or amplifier are equal for nearly equal deflect 
tiohs^and^r v fn j 
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X3.4.3 The unknown resistance, R x> or conductance, G x , 
is calculated as follows: 

R = \/G x = - 1] (X12) 

where: 

F x and F s = ratios of the total current to the galvanometer 
or d-c amplifier with R x in the circuit, and 
shorted, respectively. 

X3.4.4 In case R s is shorted when R x is in the circuit or 
the ratio of F s to F x is greater than 100, the value of R x or G x 
is computed as follows: 

R x =\/G x = R(d s F s /d x F x ) (XI3) 

X3.5 Comparison Methods Using a Wheatstone Bridge 

( 2 ): 

X3.5.1 The test specimen is connected into one arm of a 
Wheatstone bridge as shown in Fig. XI.4. The three known 
arms shall be of as high resistance as practicable, limited by 
the errors inherent in such resistors. Usually, the lowest 
resistance, R A , is used for convenient balance adjustment, 
with either ^ or ^ being changed in decade steps. The 
detector shall be a d-c amplifier, with an input resistance 
high compared to any of these arms. 

X3.5.2 The unknown resistance, R x , or conductance, G x , 
is calculated as follows: 

R X =\/G X = R B R N /R A (XI4) 

where R A> R& and R N are as shown in Fig. X1.4. When arm 
A is a rheostat, its dial can be calibrated to read directly in 
megohms after multiplying by the factor R B R N which for 
convenience can be varied in decade steps. 

X3.6 Recordings— It is possible to record continuously 
against time the values of the unknown resistance or the 
corresponding value of current at a known voltage. Gener¬ 
ally, this is accomplished by an adaptation of the voltmeter- 
ammeter method, using d-c amplification (X3.2). The zero 
drift of direct coupled d-c amplifiers, while slow enough for 


the measurements of X3.2, may be too fast for continuous 
recording. This problem can be resolved by periodic checks 
of the zero, or by using an a-c amplifier with input and 
output converter. The indicating meter of Fig. XI.2(a) can 
be replaced by a recording milliammeter or millivoltmeter as 
appropriate for the amplifier used. The recorder may be 
either the deflection type or the null-balance type, the latter 
usually having a smaller error. Null-balance-type recorders 
also can be employed to perform the function of automati¬ 
cally adjusting the potentiometer shown in Fig. XI. 2(b) and 
thereby indicating and recording the quantity under mea¬ 
surement. The characteristics of amplifier, recorder bal¬ 
ancing mechanism, and potentiometer can be made such as 
to constitute a well integrated, stable, electromechanical, 
feedback system of high sensitivity and low error. Such 
systems also can be arranged with the potentiometer fed 
from the same source of stable voltage as the specimen, 
thereby eliminating the voltmeter error, and allowing a 
sensitivity and precision comparable with those of the 
Wheatstone-Bridge Method (X3.5). 

X3.7 Direct-Reading Instruments —There are available, 
and in general use, instruments that indicate resistance 
directly, by a determination of the ratio of voltage and 
current in bridge methods or related modes. Some units 
incorporate various advanced features and refinements such 
as digital readout. Most direct reading instruments are 
self-contained, portable, and comprise a stable d-c power 
supply with multi-test voltage capability, a null detector or 
an indicator, and all relevant auxiliaries. Measurement 
accuracies vary somewhat with type of equipment and range 
of resistances covered; for the more elaborate instruments 
accuracies are comparable to those obtained with the voltme¬ 
ter-ammeter method using a galvanometer (X3.1). The 
direct-reading instruments do not necessarily supplant any of 
the other typical measurement methods described in this 
Appendix, but do offer simplicity and convenience for both 
routine and investigative resistance measurements. 
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